In human adults, learning and memory under acute stress are characterized by an increased use of rigid habitual response strategies at the cost of flexible cognitive strategies. The immediate effects of stress on cognitive functioning early in life are not well understood. Here we show experimentally that acute stress leads human infants to perform habitual behavior rigidly. We found that 15-mo-old infants exposed to stress thereafter kept performing a previously effective action, even after the action suddenly became ineffective. Infants in a no-stress control group flexibly adjusted their behavior by disengaging from the newly ineffective action in favor of exploring an alternative action. This finding demonstrates that stress impairs infants' ability to adjust their behavior to changing circumstances.
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stress | learning | infant development | cortisol S tress is pervasive in modern society. It is by definition aversive, but how potentially stressful experiences affect a person depends on a variety of factors, such as the person's age, developmental history, temperament, and the type of stressor (1, 2) . Thus, the very same set of challenges that inspires peak performance in some people might leave others drained. In addition to its relevance for mental and physical well-being, stress alters the way human adults think. Learning and memory under acute stress are characterized by increased use of rigid habitual response strategies at the cost of flexible cognitive strategies (3) (4) (5) . For example, stressed adults continue to select a particular beverage even after they have become satiated with its flavor, whereas satiated nonstressed adults select a new beverage (4) . This shift from hippocampus-dependent to dorsal striatum-dependent memory is mediated by an increase of the stress hormone cortisol (6) (7) (8) .
In the first years of life, core characteristics of the human brain are its rapid development and high plasticity (9) . Providing infants with a caring and stimulating environment is generally considered ideal for fostering cognitive development (10) . One reason is that infants growing up in such an environment are protected from frequent stress exposure. However, the immediate consequences of stress exposure on infant cognition are not well understood. In a number of previous studies, children between 1 and 5 y of age were unlikely to show a physiological response (i.e., an increase in cortisol levels) to mildly threatening situations, such as being in an unfamiliar environment or being approached by an unfamiliar person (11, 12) . This human equivalent to the so-called hyporesponsive phase reported in rodents is thought to protect the developing brain from potentially harmful effects of acute stress (13) . However, this idea is somewhat at odds with a minority of studies in which stress induction did lead to increased cortisol levels in young children (14, 15) . Furthermore, chronic stress exposure early in life is associated with long-term impairments in cognitive functioning (16) . Thus, even if a cortisol response can be difficult to elicit, it seems unlikely that early cognition is fully immune to the immediate effects of stress exposure.
Here we measured the effects of acute stress on cognitive flexibility in 15-mo-old infants assessed individually. Infants in a stress condition experienced a standardized stress-induction procedure designed to increase salivary cortisol levels (14) . Infants in a no-stress control condition participated in a play session with one of their parents, designed to be relaxing and to not lead to an increase in salivary cortisol levels. Infants in both conditions subsequently participated in an instrumental learning task (Fig.  1) . In the first phase of this task (the learning phase), the experimenter demonstrated how to push first one, then the other, of two differently colored buttons. Infants could see one button at a time, and immediately after each experimenter demonstration the infants were given manual access to the button and were allowed to press it once. Each button lit up (red or blue, respectively) and produced a distinct sound, different for the two buttons, while being pushed. In a second phase (the habitacquisition phase), each infant was shown and given manual access to only one of the two buttons and was allowed to push it as often and as long as desired, which lit the button and sounded the tone as before. Therefore, pushing that one button became habitual. In the third phase (the test phase), each infant could see both buttons, had manual access to both, and was allowed to operate both at will for 30 s from first touching the apparatus. In the test phase pushing had no effect; the buttons neither lit up nor produced a sound when pushed. We predicted that because stress leads to rigid response strategies, infants in the stress condition would continue to push the same button as in the habit-acquisition phase even though this no longer produced any effects. We predicted that in contrast, the infants in the no-stress condition would disengage from their customary button to start exploring an alternative action: namely, pushing the other button.
Results
We first evaluated the effect of the stress induction on infants' salivary cortisol levels, as shown in Table S1 . A 2 (time: premanipulation, postmanipulation) × 2 (condition: stress, no stress) mixed-model ANOVA revealed a significant effect of time, F(1, 18) = 26.45, P < 0.001, η 2 p = 0.595, and a significant effect of condition, F(1, 18) = 6.34, P = 0.021, η 2 p = 0.261. These main
Significance
Infancy is regarded as a period of increased vulnerability to stress, but it is currently unknown how stress influences cognitive functioning in infants. Studies with adults have revealed that stress promotes rigid habitual behavior at the cost of flexible behavior. Here we show that stress similarly affects 15-mo-old infants. Half of the infants underwent a stress induction, the other half did not. Then, all infants learned to habitually perform an action that produced an interesting effect. Once the action had become ineffective, only stressed infants continued performing this action, showing rigid habitual behavior. Nonstressed infants explored an alternative action, showing flexible behavior. If stress occurs frequently, infants' failure to explore alternative behaviors could hamper knowledge acquisition in the long term. Table S1 reveal that the significant main effects and interaction occurred because before the stress intervention, both groups showed similarly low cortisol levels but afterward only the stressed group showed markedly elevated cortisol, whereas the unstressed group's cortisol remained low. Second, we assessed whether the stress manipulation influenced infants' stress-related behavior by analyzing their fussiness, crying, and signaling their parents to be picked up during the stress induction (see, for example, Table S2 ). Mann-Whitney U tests revealed that infants in the stress condition cried longer than did infants in the nostress condition during the stress manipulation: U = 8.50, P < 0.001. Infants in the stress condition also signaled their parent their wish to be picked up for longer than did infants in the no stress condition: U = 27.00, P = 0.003. There was no difference in fussiness between infants in the two conditions: U = 53.00, P = 0.118. Third, to evaluate the effect of the stress manipulation on parental report of infants' calmness, we conducted a 2 (time: premanipulation, postmanipulation) × 2 (condition: stress, no stress) mixed-model ANOVA. There was an effect of condition, F(1, 24) = 21.33, P < 0.001, η 2 p = 0.471, and an effect of time F(1, 24) = 33.07, P < 0.001, η 2 p = 0.579. This main effect was qualified by a significant interaction between time and condition: F(1, 24) = 27.45, P < 0.001, η 2 p = 0.533. The means reveal that the significant interaction occurred because both groups were rated as similarly highly calm before the stress intervention, but the stressed group was rated markedly less calm afterward, whereas the unstressed group's calmness rating remained high (Table S1 ). Taken together, these results show that the stress induction had a significant effect on infants' physiological and behavioral stress level.
In the next step we assessed infants' behavior during the instrumental learning task. First, we compared how often the experimenter needed to demonstrate pushing each of the buttons three times before the infants pushed the respective button themselves during the learning phase. There was not a significant difference between infants in the stress condition and infants in the no-stress condition in the number of required demonstrations (for the blue button: M stress = 1.17, M no-stress = 1.00, U = 70.0, P = 0.49, for the red button M stress = 1.17, M no-stress = 1.00, U = 77.0, P = 0.74). Second, we compared whether infants in the stress and no-stress conditions differed in the amount they interacted with the button during the habit-acquisition phase. There was not a significant difference between conditions in the number of times infants pushed the button, M stress = 30.42, SD = 27.18; M no-stress = 20.50, SD = 15.55, t(24) = 1.16, P = 0.26. Third, we assessed whether infants in the stress and the no-stress conditions engaged in the task to a similar degree during the test. There was not a significant difference between conditions in the number of times infants touched both buttons overall during the test, M stress = 14.50, SD = 9.42; M no-stress = 15.07, SD = 10.57, t(24) = 0.14, P = 0.89. Fourth, to assess cognitive flexibility during the test, we analyzed how often during the 30-s test phase infants touched the button they had learned to push habitually relative to touching both buttons. The number of times infants pushed the buttons during the habitacquisition phase might have interacted with the infants' behavior during the test phase. Thus, our analysis controlled for pushing times in the habit-acquisition phase.
To assess the development of infants' behavior over time, we divided the test phase into three 10-s intervals (Table S3 ) and conducted a 3 (time interval: 0-10 s, 10-20 s, 20-30 s) × 2 (condition: stress, no-stress) mixed-model ANCOVA (covariate: number of button pushes during the habit-acquisition phase) on the means shown in Table S4 . There was a significant effect of condition: F(1, 22) = 7.71, P = 0.011, η (Fig. 2) . There was no significant main effect of, nor an interaction with, the covariate: largest F(1,22) = 1.56, P = 0.225, η 2 p = 0.066. The means show that the significant interaction reflects the diverging frequency over the testing intervals of touching by the two groups. Post hoc analyses revealed that infants in the no-stress condition touched the habituated button relatively less often during the final 20-to 30-s segment than during the initial 0-to 10-s and 10-to 20-s segments: t(12) = 4.12, P = 0.001, t(12) = 2.33, P = 0.038, respectively. In contrast, infants in the stress condition touched the habituated button more often during the 20-to 30-s interval than during the 0-to 10-s interval: t(11) = 2.21, P = 0.049. Additionally, during the 20-to 30-s interval, infants in the no-stress condition touched the habituated button less often than infants in the stress condition: t(23) = 5.18, P < 0.001. Fig. 1 . Schematic overview of the procedure used in the instrumental learning task. In phase I (pictures 1-4), infants were shown how to push each of two buttons ("A" and "B") to produce a light and sound effect. The infants were then allowed to push each button once. Infants' access to the other button was blocked by a screen. In phase II, the infants had a view of and access to one of the buttons, which lit and sounded when pushed, as before. The infants were allowed to interact with it until they refrained from pushing it for more than 10 s. In phase III, the screen was removed so that infants had access to both buttons, but pushing these no longer produced any light or sound. Infants were allowed to operate the buttons at will for a 30-s test period. E, experimenter; I, infant; S, screen used to block the infant's view and access to one of the buttons.
Discussion
The present results show that infants in the stress condition persisted in performing an action they previously had carried out repeatedly, even after that action became ineffective and an alternative action was freely and saliently available. In fact, these infants increased the frequency with which they performed the habitual action relative to performing the nonhabitual action over time. In contrast, infants in the no-stress condition disengaged from executing the habitual action in favor of exploring an alternative action. Infants in the stress condition did not engage to a lesser degree with the buttons during the test nor learn the actions generally more slowly than did infants in the no-stress condition. Thus, the effect of stress on infants' behavior was highly specific.
There are at least three explanations for the observed effect of stress on infants' behavior that are not mutually exclusive. During the second phase of the instrumental learning task, two processes might occur simultaneously. First, pushing the available button presumably becomes habitual in the sense that the action occurs increasingly automated as a result of repeated practice (17) . Second, repeated exposure to the light and sound outcome can be assumed to devalue the action effects of pushing the available button (4). Stress might thus interfere both with the ability to alter automated behavior and to react to changes in the value of an outcome. In the present study, stressed versus notstressed infants' relative engagement with both buttons during the test phase was similar initially and became increasingly distinct over time. This pattern of results could well indicate that outcome devaluation was of secondary importance as a mechanism, because otherwise the unstressed infants might have switched to the nonhabituated button immediately when it became available because the habituated button was no longer attractive to them. In fact, during the test phase, infants in the no-stress condition initially still engaged with the button they had pushed in the habit-acquisition phase and disengaged from it over time. In contrast, infants in the stress condition exhibited an increasing relative preference for the button that had been available in the habit-acquisition phase. Thus, instead of outcome devaluation, automation might explain infants' behavior more accurately. From this perspective, both stressed and nonstressed infants might have established a strong tendency to habitually push the button that was available during the habit-acquisition phase. However, infants in the stress group had difficulties disengaging from this habit when the usual effect no longer occurred. This was shown in their increasing tendency over time to engage with the habituated button relative to the nonhabituated button. Future research could informatively test directly which mechanisms lead to reduced cognitive flexibility in stressed infants.
A third possible explanation for the observed differences in infants' responding in the instrumental learning task could be not stress per se, but differences in the novelty of the infants' experiences during the stress manipulation. Infants in the stress condition encountered a novel object (i.e., robot) and an unfamiliar person, whereas infants in the no-stress condition played with their parent with common toys. Perhaps the novelty of the experiences in the stress condition rather than stress per se interfered with habit formation or other aspects of the instrumental learning task. However, it should be noted that infants in both the stress and the no-stress condition engaged in a 12-min play session with their mother and the experimenter after the stress manipulation. Thus, the experiences immediately before the learning task were similar across conditions. One way to keep the experiences of infants in both conditions more similar throughout the visit would be to include more novel stimuli (e.g., unusual toys) or experiences during the stress manipulation for infants in the no-stress condition.
In several previous studies, infants and young children did not experience an increase in cortisol after exposure to a mild stressor (11, 12) . The effectiveness of the present stress manipulation, however, shows that a series of relatively mild stressors similar to those in daily life can be sufficient to increase cortisol levels in 15-mo-old infants (14) . The early stress response appears to be socially regulated (18) . For example, potentially stressful episodes often fail to elicit a physiological response if an attachment figure is present. The encounter with a completely unfamiliar person, then with a mechanical device, and then separation from the caregiver, appears to be a combination of events sufficient to elicit the physiological stress response. This and similar procedures might enable further experimental investigations into the effect of acute stress on cognition during the first years of life.
The present results suggest that stress effects on infants' memory could be similar to those observed in adults. The shift "from thinking to doing" (19) that occurs under stress could well be adaptive during stressful episodes. Habit memory is more efficient and less demanding than cognitive memory. Thus, the use of habit memory might save cognitive resources needed to deal with a stressor and to generally support fast resolute action (19) . On the other hand, the habitual memory system is rather rigid and reduces behavioral flexibility (19) . During the first years, infants acquire knowledge at a rapid rate and establish entire memory networks (20) . If stress occurs often, it could lead the infant to fail frequently to explore alternative behaviors, which in turn could hamper establishing memory networks and acquiring knowledge in the long term.
Materials and Methods
Participants. The final sample consisted of 26 15-mo-old infants (M = 14 mo 28 d, SD = 10 d, 14 girls). Fourteen infants were assigned to the no-stress condition and twelve infants to the stress-condition. An additional four infants (one infant in the no-stress condition and three infants in the stress-condition) were tested but their data could not be analyzed because the apparatus used for the instrumental learning task was faulty. These infants were not included in the final sample. To standardize the timing of the circadian rhythm of infants' cortisol level (21), we started all testing between 9:00 AM and 10:00 AM.
Design. This research was approved by the Department of Psychology ethics review board at Ruhr-Universität Bochum. Infants completed the experiment individually and were randomly assigned to a stress or a no-stress condition before testing as they became available. Specifically, a research assistant had access to a list containing contact details of parents who had previously expressed interest in taking part in child-development studies and who were unknown to the research assistant. The research assistant alternated between the stress and no-stress condition when calling parents to arrange an appointment. Thus, first she decided which condition she would assign the next infant to and then she went through the list until she reached the first family. This procedure was repeated for each infant in the present study. Informed parental consent was obtained before participation. In the stress condition, infants experienced three potentially stressful episodes (stranger episode, robot episode, and separation episode) (Table S5 ). In the no-stress condition, infants were allowed to play with their parent for an equivalent amount of time. Subsequent to the stress manipulation, all infants were tested first in an object permanence task and then in an instrumental learning task to assess cognitive flexibility. The object permanence task was not part of the present research question and is therefore not further reported here.
Materials. During the stress manipulation, a commercially available remotecontrolled robot (Wowee 8081N Robosapien; 35 × 37 × 24cm) was used in the stress condition only. The robot performed a preprogrammed sequence of movements accompanied by music, also generated by the robot.
To collect the infants' salivary samples we used four eye sponges (bviBeaverVisitec) at each measurement point. After sampling, the sponges were stored in plastic tubes at −15°C in a commercially available freezer.
The instrumental learning task used a gray rectangular box (7 × 40 × 11 cm) with a round red button and a round blue button (diameter of each: 8 cm) embedded in the top side. Both buttons lit up and each produced its own distinctive sound while being pushed. Additionally, a light gray screen (25 × 40 × 1 cm) blocked the infant's view of and access to one of the buttons during the first and second phases of the task.* Parents rated their infant's calmness using an eight-item questionnaire, each item rated on a five-point Likert scale. An example item is "My child is calm": 1 = "not at all", 5 = "very much" as adapted from ref. 22 . Cronbach's α was 0.86 for the first (premanipulation) measurement and 0.97 for the second (postmanipulation) measurement.
Procedure.
Acclimatization. All testing occurred in the same university laboratory. A female experimenter met infants and parents where they arrived (a parking lot or the nearest public transportation stop) and accompanied them to the laboratory room. The experimenter informed the parent about the purpose and procedures of the study and the parent gave written informed consent to participate with their infant. Then the infant was allowed to play with its parent for 30 min using age-appropriate toys available in the laboratory. The experimenter was not present during this time. At the end of this period the parent rated the infant's calmness during the 30-min play period (premanipulation assessment). Shown in Table S5 is an overview of the procedure in each condition. Stress manipulation. In the no-stress condition, the experimenter left and remained absent while the parent played with the infant for 18 min. In the stress condition, which also lasted 18 min, the infant initially played alone on the floor for 3 min while the parent sat on a chair nearby. Then a completely unfamiliar woman (a second experimenter) entered the room holding a box of wooden building blocks and sat on the floor for 4 min (stranger episode). The distance between the unfamiliar woman and the infant was around 1 m. For the first minute, the unfamiliar woman was quiet and did not interact with the infant. Then she started to interact with the infant, inviting him or her to play (minutes 2-4). Next, the unfamiliar woman fetched a toy robot from outside the room and placed it on the floor at a distance of ∼1 m from the infant. Then the robot started a preprogrammed sequence of movements resembling a dance and played music (robot episode). This episode lasted for 4 min. Then the infant played on her or his own for 3 min. In the next episode (the separation episode), the experimenter asked parents to leave the room for a maximum of 4 min while the infants stayed in the test room with the unfamiliar woman. Parents could see and hear their infants via a monitor in the adjacent room and the experimenter reminded parents that they could return to their infant whenever they wished. In both conditions the parent and the experimenter together played with the infant for 12 min after the 18-min stress manipulation period. Finally, parents rated the infants' calmness during the stress manipulation (the postmanipulation assessment). Instrumental learning task. The instrumental learning task consisted of three phases, during each of which infants sat on their parents' lap at a table. The experimenter sat on the opposite side of the table. In between them was the box with the red and blue buttons. During the first phase (the learning phase), the screen blocked the infant's view of and manual access to one button. The experimenter then demonstrated three times how to push the visible button. Pushing produced a distinct tone and caused the button to light up while it was being pushed. Immediately after the demonstration, infants were given access to the same button the experimenter had pushed. If infants did not push the button within 15 s, the procedure was repeated. After infants had pushed the button once, the screen was moved to cover that button, and the procedure was repeated with the other button. The order of demonstrated buttons was counterbalanced across infants within the two groups.
In the second phase (the habit-acquisition phase), infants were given access to one of the buttons and were allowed to push it at will until they did not push the button for a period of 10 s. Pushing the button again resulted in the light and tone as in the first phase. The screen again blocked the infant's view of and manual access to the other button. Half of the infants were allowed to push the red button and half to push the blue button. The button used in the habit-acquisition phase was counterbalanced with the button pushed first in the learning phase.
In the third phase (the test phase) the screen was removed entirely so that infants could see and had access to both buttons and could operate them at will for 30 s, starting from the moment infants first touched the apparatus. During this phase pushing had no effect; neither button sounded or lit up when pushed. This extinction procedure ensured that infants' engagement with both buttons was guided by their previous experiences with them (4) . Salivary samples. We took salivary samples of all infants at three measurement points (Table S5 ). The first sample was taken around 10 min after the infant's arrival at the laboratory. This first sample was taken for an analysis not part of the present study and therefore we do not consider it further. The second sample was taken directly before the stress manipulation started. The third sample was taken at the end of the 12-min play session that followed the stress manipulation and that was identical in both conditions. The third sample was taken 20 min after the middle of the stress manipulation because infants' salivary cortisol response peaks 20 min after the stressor (23) . Analysis of the salivary sample failed for six infants (one infant in the nostress condition and five infants in the stress condition).
Coding. Salivary cortisol. Salivary cortisol was analyzed via immunoassays in a specialized laboratory (Dresden LabService). Reliability of the analysis was assessed by taking one-third of the samples twice. The intra assay coefficient (24) was 9.61. Coefficients of less than 10 are considered good (24) . Because of a right skewed distribution of the cortisol data we log 10 -transformed the data. Infant behavior during the stress manipulation. Infants' behavior was video recorded and then was analyzed using the software Interact (v9; Mangold International), which allows frame-by-frame analysis of video records. We analyzed the three 4-min stress-induction episodes: the stranger episode, the robot episode, and the separation episode. The exact duration of each episode was coded. For the separation episode, the duration the parents remained outside the test room was coded. The mean duration of each of the three episodes in the stress condition was calculated and was used to code episodes of equal duration in the no-stress condition that started at the corresponding time points while these infants played with their parents. Coded were the durations that infants fussed, cried, and signaled their parents to pick them up. A second, independent coder analyzed one third of the videos. Interrater reliability (the intraclass correlation coefficient) was 0.78 for fussiness, 1.00 for crying, and 0.51 for signaling the parent to pick them up. Infant calmness questionnaire. A sum score was calculated from the parents' ratings (range 8-40). A high score indicated that the infant was calm and a low score that it was agitated. Instrumental learning task. Infants' behavior was analyzed via the software Interact (v9; Mangold International). Coded during the first phase (the learning phase) was how often the experimenter demonstrated the action three times until the infants pushed the light themselves. Coded during the second phase (the habit-acquisition phase) was the frequency with which the available button was pushed. Coded during the third phase (the test phase) was the frequency of touching each button. A second independent coder unaware of the infants' group assignment analyzed 35% of the videos. Interrater reliability (intraclass correlation coefficient, ICC) was 1.00 for the number of demonstrations in the first episode and 0.96 for the number of times the light was pushed in the second episode. 
